The objective of this study was to examine the association of individually derived infant weight growth velocity patterns with general and abdominal adiposity measures in childhood. SUBJECTS/METHODS: In a population-based prospective cohort study among 5126 children, we used repeated growth measurements between 0 and 3 years of age to derive peak weight velocity (PWV), age at adiposity peak (AGEAP) and body mass index at adiposity peak (BMIAP). At the median age of 6.0 years (95% range 5.7, 6.8), we estimated body mass index (BMI), body fat percentage, android/gynoid fat mass ratio and pre-peritoneal abdominal fat area by using dual-energy X-ray absorptiometry and abdominal ultrasound. RESULTS: Higher infant PWV and BMIAP were associated with higher childhood BMI, body fat percentage, android/gynoid fat mass ratio and pre-peritoneal abdominal fat area (all P-values o 0.05), with the strongest effect estimates for BMI (differences in BMI: 0.37 standard deviation (s.d.), 95% confidence interval (CI): 0.34, 0.39 and 0.45 s.d. (95% CI: 0.43, 0.48) per 1-s.d. increase in infant PWV and BMIAP, respectively). Infant AGEAP in the highest tertile (40.75 years) was associated with higher general and abdominal adiposity among girls at the age of 6 years (all P-values o0.05). Similarly, a 1-s.d. higher infant PWV and BMIAP were associated with increased risks of childhood overweight (odds ratios (95% CI): 2.1 (1.9, 2.3) and 2.5 (2.2, 2.8), respectively). These associations were independent of gestational age and size at birth and tended to be stronger among girls. CONCLUSIONS: Higher infant PWV and BMIAP are associated with adverse general and abdominal fat distribution profiles and increased risks of overweight at school age. Whether infant growth patterns add to the prediction of later overweight should be further studied.
INTRODUCTION
Childhood overweight is associated with cardiovascular and metabolic diseases in later life. 1, 2 Early childhood seems to be a critical period for overweight. 3, 4 Increased weight gain during early childhood is associated with higher risks of overweight in later life. [5] [6] [7] We have previously observed that a higher peak weight velocity (PWV) and body mass index at adiposity peak (BMIAP) and that fetal and infant height and weight gain during infancy are associated with increased risks of overweight in preschool children. 8, 9 Also, infant PWV was positively associated with body mass index (BMI) in adults. 10 BMI is a widely accepted outcome measure of obesity. However, more detailed body fat distribution measures may be more strongly related with adverse health outcomes and the risk of mortality in adults. 11, 12 Yet, studies in children and adolescents reported inconsistent associations of specific total and abdominal fat measurements with cardiovascular and metabolic outcomes. [13] [14] [15] [16] [17] Previously, we have found that higher total fat mass, android/gynoid fat ratio and pre-peritoneal abdominal fat area are, independent of BMI, associated with cardiovascular risk factors in children. 18 For the current study, we hypothesized that infant weight growth velocity patterns not only influence BMI but also specific general and abdominal fat distribution outcomes in school-age children.
Therefore, we examined the associations of PWV, age at adiposity peak (AGEAP) and BMIAP with general and abdominal adiposity measures at the age of 6 years. We also explored whether any association was influenced by gestational age and size at birth. This study extends our previous studies showing first associations of PWV and BMIAP with BMI in preschool children and second associations of fetal and infant height and weight gain with total body and abdominal fat in childhood. 8, 9 Thus far, it is not known whether specific derived infant growth patterns, including PWV and BMIAP, also affect childhood adiposity outcomes.
MATERIALS AND METHODS

Study design
This study was embedded in the Generation R Study, a prospective population-based cohort study from fetal life onward in Rotterdam, the Netherlands, which has been described in detail previously. 19, 20 The Medical Ethics Committee of the Erasmus MC approved the study. We obtained written informed consent from the mothers.
For the current study, information about infant growth measures was available in 7455 singleton live born children with a known sex, birth 1 weight and gestational age. From these, we excluded 612 children who had fewer than three infant growth measurements, which were necessary for infant weight growth modeling. Of the remaining 6843 children, 5126 children participated in childhood adiposity measurements at the age of 6 years (Supplementary Figure S1) . Children who did not participate in the follow-up measurements had a lower birth weight, were less often breastfeed and had higher infant PWV (results from non-response analysis are given in Supplementary Table S1 ).
Longitudinal infant weight growth velocity patterns
Gestational age and sex-adjusted standard deviation scores (s.d.s) for birth weight and length were calculated using North-European growth charts. 21 Small size for gestational age at birth and large size for gestational age at birth were defined as a gestational age-adjusted birth weight below the 10th percentile (−1.69 s.d.) and above the 90th percentile (1.61 s.d.) in the study cohort, respectively.
As described previously, length and weight were measured according to standardized procedures at the ages of 1, 2, 3, 4, 6, 11, 14, 18, 24 and 36 months. The median number of postnatal growth measurements was 5 (full range: 3-13). 19 Age-and sex-adjusted s.d.s for all growth characteristics were obtained with Dutch reference growth charts. 22 These growth measures were used to construct longitudinal weight and BMI growth patterns and derive infant PWV, AGEAP and BMIAP. PWV refers to the greatest weight growth in infancy, AGEAP refers to the infant age at which the infant BMI peak is reached and BMIAP refers to the BMI level reached at the adiposity peak. These growth measures give more detailed information about infant weight growth patterns than catch-up growth, which just reflects a difference between the two growth measures. The procedures to derive these measures have previously been described and are presented in detail in the Supplementary Material. 8, 10, 23 General and abdominal fat outcomes at school age At the median age of 6 years (median: 6.0 years (95% range: 5.7, 6.8 years)), height and weight were measured without shoes and heavy clothing. All measurements were performed in a dedicated research center by research staff, who were trained to perform the measures according to specific research protocols. Height was measured to the nearest 0.1 cm by a stadiometer (Holtain Limited, Crosswell, Crymych, UK). Weight was measured to the nearest gram using an electronic scale (SECA 888, Almere, the Netherlands). Childhood overweight/obesity was defined by the International Obesity Task Force cutoffs. 24 Total body and regional fat mass was measured using a dual-energy X-ray absorptiometry (DXA) scanner (iDXA, GE-Lunar, 2008, Madison, WI, USA) and analyzed with the enCORE software v.12.6. 25 Body fat percentage at the age of 6 years was calculated as the ratio of total body fat (kg) and total body weight (kg) measured by DXA. The ratio of android fat mass and gynoid fat mass was calculated. Abdominal ultrasound examinations were used to measure pre-peritoneal abdominal fat area as a measure of visceral abdominal fat, as previously described. 26, 27 Scans were made longitudinally just below the xiphoid process to the navel along the midline (linea alba). Pre-peritoneal abdominal fat mass distance was measured as distance of the linea alba to the peritoneum on top of the liver. Pre-peritoneal fat mass area was measured as area of 2 cm length along the midline starting from the maximum pre-peritoneal distance in the direction of the navel.
Covariates
We obtained information about maternal age, pre-pregnancy weight, height and BMI, parity, marital status, educational level, smoking, alcohol consumption and folic acid supplement use during pregnancy at enrollment. 19 Information on gestational diabetes and gestational hypertensive disorders was obtained from medical records. 28 Weight, height and BMI were measured in 3681 fathers at enrollment (72% of mothers with this information). 19, 20 Child's ethnicity (European, nonEuropean) was classified by the countries of birth of the parents. 29 Information on duration of breastfeeding and age at introduction of solid foods were assessed by questionnaires at the ages of 2, 6 and 12 months. At the age of 6 years, hours of watching television were obtained by questionnaires. 19 
Statistical analysis
First, we compared characteristics between boys and girls using one-way analysis of variance and Chi-square tests. The correlations between early weight growth measures and adiposity outcomes were explored using Pearson's correlation coefficients. Second, we assessed the associations of infant PWV, AGEAP and BMIAP with childhood BMI, body fat percentage, android/gynoid fat mass ratio and pre-peritoneal abdominal fat area, using multivariate linear regression models. The models were first adjusted for child's age and sex only and additionally for maternal age, pre-pregnancy BMI, parity, marital status, educational level, smoking, alcohol consumption, folic acid supplement use, gestational diabetes and gestational hypertensive disorders, paternal BMI, gestational age-adjusted birth weight, child's ethnicity, duration of breastfeeding, age at introduction of solid foods and hours of TV watching per day. Analyses focused on fat mass outcomes were additionally adjusted for height. 30 Covariates were included in these regression models based on previous literature, a strong association with the outcome or a significant change in effect estimates (410%). Third, the associations of infant PWV, AGEAP and BMIAP with the risk of overweight/obesity were assessed using logistic regression models with similar adjustments. To explore whether these associations were modified by gestational age and size at birth, we tested the interaction of PWV, AGEAP and BMIAP with gestational age and size at birth in relation to adiposity outcomes. If any of these statistical interactions was significant (Po 0.05), we performed the regression analyses in strata of gestational age at birth (preterm; term) and gestational age-adjusted birth weight (small size for gestational age; appropriate size for gestational age; large size for gestational age). Analyses were additionally adjusted for multiple testing using a Bonferroni correction (Po 0.0125 considered as significant). For the interaction analyses, if we would apply multiple testing correction only, the interactions between size at birth with AGEAP in relation to BMI and android/gynoid fat mass ratio would be significant, considering a P-valueo0.05/8 = 0.0125. As the distribution of pre-peritoneal abdominal fat area was skewed, this variable was natural log transformed. To handle missing values in covariates to reduce potential bias associated with missing data, multiple imputations by generating five independent data sets using the Markov Chain Monte Carlo was performed, a method after which the pooled effect estimates (95% confidence interval) are presented. 31 Imputations were based on the relationships between covariates, determinants or outcomes. Statistical analyses were performed using the Statistical Package of Social Sciences version 21.0 for Windows (IBM Corp, Armonk, NY, USA). Table 1 shows that girls had lower birth weight and lower infant PWV and BMIAP (all P-values o 0.05). At the age of 6 years, girls had a higher body fat percentage, android/gynoid fat mass ratio and pre-peritoneal abdominal fat area and were more frequently overweight or obese than boys (all P-valueso 0.05). Supplementary Table S2 gives the correlations between infant PWV, AGEAP and BMIAP with childhood BMI, body fat percentage, the android/gynoid fat mass ratio and pre-peritoneal abdominal fat area.
RESULTS
Subjects characteristics
Infant weight growth velocity patterns and body fat outcomes in childhood Table 2 shows that infant PWV and BMIAP were positively associated with all general and abdominal fat mass measures in childhood (all P-values o 0.05), with the strongest associations present for BMI. An increase in one s.d.s infant PWV (2.1 kg/year) was associated with a higher childhood BMI, body fat percentage, android/gynoid fat mass ratio and pre-peritoneal abdominal fat area. Also, a 1 s.d.s higher infant BMIAP (0.8 kg/m 2 ) was associated with a higher BMI, body fat percentage, android/gynoid fat mass ratio and pre-peritoneal abdominal fat area in childhood (P-value o 0.05). Although the direction of association tended to be similar in boys and girls, there seems to be stronger associations of PWV with general and abdominal fat mass measures in childhood in girls. Infant AGEAP was positively associated with all childhood general and abdominal fat measures among girls but only with BMI among boys (P-values for interaction o 0.05). After correction for multiple testing, the associations of AGEAP with pre-peritoneal abdominal fat area attenuated into nonsignificant. Supplementary Table S3 gives the associations of early weight growth measures with general and abdominal fat mass in absolute values instead of s.d.s. Models adjusted for age and sex only showed similar associations as the fully adjusted model (Supplementary Table S4 ). Abbreviations: AGEAP, age at adiposity peak; BMI, body mass index; BMIAP, body mass index at adiposity peak; N, number; PWV, peak weight velocity. Values are means (s.d.), percentages or medians (90% range) for variables with skewed distribution. Imputed data. P-value (included in analysis: yes versus no) was estimated by using the one-way analysis of variance test and Chi-square tests. Figures 1 and 2 show the associations of infant weight growth patterns with childhood adiposity outcomes stratified by gestational age and size at birth, respectively, when the statistical test for interaction was significant (P-value for interaction o 0.05; all tested P-values are given in Supplementary Table S5 ). The effect estimates for each stratum are given in Supplementary Table S6 . Figure 1 shows that AGEAP in the highest tertile (40.75 years) was positively associated with childhood BMI and android/gynoid fat ratio among children born preterm. Figure 2a shows the highest BMI in children both born with a large size for gestational age and in the highest tertile of infant PWV. However, the strongest effect estimate for the association of infant PWV with childhood BMI was observed among children born small for gestational age. Figures 2b and c show that the highest childhood BMI and body fat percentage were observed among children born large size for gestational age within the highest tertile of infant AGEAP. The strongest effect estimates for the associations between AGEAP with childhood BMI and body fat percentage were observed among children born small size for gestational age. Figure 2d shows the highest android/gynoid fat ratio among children born with a small size for gestational age within the highest tertile of infant AGEAP.
Infant weight growth velocity patterns and risk of overweight/ obesity in childhood Table 3 shows that in the full group higher infant PWV, AGEAP and BMIAP were associated with an increased risk of childhood overweight/obesity, with the strongest associations present for BMIAP. Sex-stratified analyses showed that the associations of PWV and AGEAP with the risk of overweight/obesity were stronger among girls. The association of BMIAP with the risk of overweight/ obesity was not statistically significant different between boys and girls.
DISCUSSION
We observed in a large population-based prospective cohort study that infant weight growth velocity patterns are associated with both general and abdominal adiposity measures in childhood. Both higher PWV and BMIAP during infancy were associated with increased risks of overweight/obesity and adverse general and abdominal fat distribution profiles. The observations tended to be stronger among girls and partly modified by gestational age and weight at birth.
Interpretation of main findings
Growth in fetal life and infancy is related to BMI in later life. Ong et al. 32 demonstrated among 848 full-term born children that infant rapid weight growth in early life was associated with a higher BMI and total fat mass at the age of 5 years. Stettler et al. 7 showed in a prospective cohort study among 27 899 full-term children that, independent of birth weight, rapid weight gain in infancy was associated with overweight at the age of 7 years. In line with these findings, we have previously reported that growth in weight and length during fetal life and infancy is also associated with higher BMI and total and abdominal fat mass measures. 9, 33 More detailed infant growth patterns can be derived from longitudinal collected growth measures. For a typical individual, BMI increases from birth until a maximum (BMIAP) around the age of 9 months of age, after which it decreases until a rebound around the age of 6 years. 34, 35 Previously, we have shown that higher PWV and BMIAP are associated with an increased risk of overweight and obesity at 4 years of age. 8 In the same study, we observed a negative association of third trimester fetal weight and length with PHV and PWV. Other studies showed persistent differences in length and weight after being born small or large for gestational age until the age of 8-18 years. [36] [37] [38] [39] In addition, children born small or large for their gestational age and followed by infant catch-up growth have a higher BMI across the full range and are at higher risks for developing obesity in later life. 9, 33 In line with these previous studies, we observed in the current study that PWV, AGEAP and BMIAP affect BMI at school age. Also, we observed that infant PWV and BMIAP were associated with the risk of overweight/obesity. The associations of PWV and AGEAP with childhood BMI were stronger among girls than among boys. The stronger associations of early weight growth with adiposity outcomes among girls were also observed in another study among 1162 subjects between the age of 5 and 13 years. 34 The sex differences may be explained by differences in pattern and the timing of body fat development and puberty between boys and girls. 40 Because we adjusted our analysis for several potential confounders related to physical activity, we do not expect that the observed sex differences in body fat are explained by physical activity. Also, the results were in line with a previous study from the same cohort, which reported associations of early life exposures with body fat distribution among girls only. 41 It might be that the differences can be detected at younger ages among girls than among boys. We observed that the associations of infant PWV and AGEAP with childhood outcomes tended to be stronger among children born preterm or with a small size for gestational age. These findings are in line with previous studies, suggesting that children with a small size at birth followed by high infant weight growth rates are especially at risk for an adverse body fat distribution. 10 Childhood BMI may not accurately reflect fat mass. Body fat distribution is stronger related with cardio-metabolic risk factors in childhood and adulthood than BMI. 11, 12 Therefore, for the current study, we measured both total and abdominal fat mass using DXA and ultrasound. These specific adiposity measures are associated with higher cardiovascular risk factors in childhood, independent of BMI. 7 We observed that both infant PWV and BMIAP were associated with higher childhood body fat percentage, android/ gynoid fat mass, a proxy for waist-to-hip ratio, and pre-peritoneal abdominal fat area, a proxy for visceral fat mass. Our findings are in line with a recent study among 311 Danish children, which reported that BMIAP was associated with higher fat mass at the age of 3 years. 42 However, this study had no information on detailed abdominal fat mass measures. Also, a prospective cohort study in the UK among 561 children showed that rapid weight gain in infancy was associated with higher skinfold thicknesses at the age of 7 years. 43 Another study among 4121 individuals in Finland showed that AGEAP and BMIAP were associated with higher waist circumference in adults. 44 An UK study among 121 obese individuals ranging 5-22 years suggested that the variability in central adiposity was more strongly influenced by infant growth than by birth weight. 45 We have also shown that children born small for gestational age followed by rapid weight growth have the highest levels for adverse body fat distribution. 9 Thus, rapid infant weight growth might influence development of adverse body fat distribution later in life. Whether these specific fat patterns influence the risk of complications in later life, next to BMI, should be further studied. Also, the optimal infant weight growth patterns are not known yet. Physiological catch-up growth refers to compensation of previous losses-for example, in children born with fetal growth restriction. Rapid weight growth refers to weight growth overcompensation as a pathological condition that often leads to increased risks in later life health outcomes. The later life health consequences of physiological weight catch-up growth and pathological rapid weight growth should be further studied.
Strengths and limitations
We used a population-based, prospective cohort design with a large number of subjects whom we studied from early fetal life onwards. The repeated infant growth measurements enabled us to study the effect of infant weight growth velocity patterns on the development of an adverse body fat distribution. Of the total group of singleton live born children with information on growth, follow-up measurements were available in 69%. This loss to follow-up would have led to a selection bias if the associations of infant PWV, AGEAP and BMIAP with childhood adiposity outcomes would be different between those included and not included in the final analysis. Non-response analysis showed a higher PWV among the children who were lost to follow-up. This could have led to bias estimates for the associations of infant PWV with the body fat outcomes in childhood. We performed detailed measurements of childhood fat distribution outcomes. Both DXA and abdominal ultrasound have been validated against computed tomography. 46 Ultrasound is a reliable method to differentiate between abdominal visceral and subcutaneous fat compartments by using an area measurement as a proxy for these fat compartments. 46 Finally, although we performed adjustments for a large number of potential maternal and childhood confounders, residual confounding still might have occurred, as in any observational study. As example, we had insufficient information about childhood diet and physical activity, as this information was available in only a small subgroup of the study population. Previously, we reported that infant breastfeeding patterns did not affect childhood body fat distribution. 47 
CONCLUSION
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